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Abstract We investigate the effect of in situ annealing dur-
ing growth pause on the morphological and optical prop-
erties of self-assembled InAs/GaAs quantum dots (QDs).
The islands were grown at different growth rates and hav-
ing different monolayer coverage. The results were ex-
plained on the basis of atomic force microscopy (AFM) and
photo-luminescence (PL) measurements. The studies show
the occurrence of ripening-like phenomenon, observed in
strained semiconductor system. Agglomeration of the self-
assembled QDs takes place during dot pause leading to an
equilibrium size distribution. The PL properties of the QDs
are affected by the Indium desorption from the surface of
the QDs during dot pause annealing at high growth tem-
perature (520°C) subsiding the effect of the narrowing of
the dot size distribution with growth pause. The samples
having high monolayer coverage (3.4 ML) and grown at a
slower growth rate (0.032 ML s−1) manifested two differ-
ent QD families. Among the islands the smaller are coher-
ent defect-free in nature, whereas the larger dots are plas-
tically relaxed and hence optically inactive. Indium desorp-
tion from the island surface during the in situ annealing and
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inhomogeneous morphology as the dots agglomerate during
the growth pause, also affects the PL emission from these
dot assemblies.
PACS 81.30Fb · 68.35 · 78.67.Hc · 73.21.La · 78.55.Cr
1 Introduction
InAs nanostructures embedded in GaAs matrix having a
lattice mismatch of about 7.2%, received much attention
because of their potential application both for fundamen-
tal studies as well as for device applications like QD pho-
todetectors [1, 2], lasers [3, 4], etc. All the applications
use either single or stacked layer of QDs in the active re-
gion. Hence addressing the issues like controlling the size
and coherency, the emission wavelength of the QDs re-
ceived immense importance, and growth techniques involv-
ing Stranski–Krastonov (S–K) growth mode like MOVPE
[5, 6] and MBE [7, 8] have gained much interest as tech-
niques for producing defect-free InAs/GaAs QDs. Resolu-
tion of the above issues necessitates a detailed understanding
of the mechanism of nucleation, island transition, etc. in lat-
tice mismatched InAs/GaAs material system by controlling
the different growth factors like total amount of InAs mate-
rial deposited [9, 10], growth temperature [11, 12], growth
rate [12, 13] and value of As2 (As4) pressure or As/In flux
ratio [14, 15]. Another way these issues can be resolved is
by developing a suitable post growth scheme like thermal
annealing of the active InAs islands just after QD deposi-
tion but before encapsulating the dots within the GaAs ma-
trix, i.e. during growth pause [16], which leads to thermally-
driven migration or interdiffusion of the material between
the QDs. This tailors the size, density and structural prop-
erties like coherency of the InAs islands. The change in the
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morphological parameters influences the quantum confine-
ment of the charged carriers in the QDs by modifying their
bandgap energy profiles and therefore determines the opti-
cal properties and emission wavelength of the heterostruc-
tures. In our previous work [17] we have already demon-
strated that annealing at high growth temperature during dot
pause causes a red shift in the interband photo-response of
the self-assembled InAs/GaAs QDs grown by MBE.
In continuation of the above work, in this contribution,
we performed further a detailed atomic force Microscopy
(AFM) and photo-luminescence (PL) study of the effect of
dot pause annealing on InAs/GaAs QDs grown by MBE
with different InAs monolayer coverage and at different
growth rates. The AFM and PL results were explained con-
sidering the influence of In desorption from the island sur-
face and surface diffusion of the In adatoms on the growth
plane due to in situ annealing during dot pause.
2 Growth
The samples under investigation were grown by solid source
MBE in an EPI MOD GEN II system. As shown in Fig. 1,
the heterostructure studied here consists of a single layer of
InAs QDs of varying InAs coverage being grown on (100)
oriented GaAs substrate and encapsulated by GaAs cap-
ping layer. For structural characterisation of the grown sam-
ples, the heterostructure was terminated with an uncapped
InAs QD layer. Reflection high energy electron diffraction
(RHEED) was used for in situ monitoring of the growth
process as well as the 2D to 3D transition.
After native oxide removal from the substrate surface at
high temperature, a 0.5 µm GaAs buffer layer was grown at
580°C over the GaAs substrate. The substrate temperature
was then ramped down to 520°C along with the growth of
0.1 µm GaAs layer over it, to prepare the condition for InAs
deposition. Then a variable amount (2.7 ML and 3.4 ML) of
InAs material was deposited at 520°C to form the InAs QDs
Fig. 1 Schematic diagram of the QD heterostructure sample
at two different growth rates (0.032 ML s−1 and 0.2 ML s−1)
of Indium. This was followed by in situ annealing of the de-
posited InAs dots at the growth temperature under an Ar-
senic pressure of (4–5) × 10−6 torr, at different durations of
growth pause (0 to 100 s). Subsequently, 100 Å GaAs and
900 Å GaAs were grown at 520°C and 580°C respectively
in order to cap the dots properly.
The effect of dot pause annealing on the morphology of
the grown islands was determined by measuring the parame-
ters like QD diameter and dot density with the help of ex situ
AFM. A Veeco Nanoscope-IV system operating in a contact
mode with sharpened silicon nitride tip was used for the pur-
pose. To determine the morphology of the QDs in the het-
erostructure, dark-field scanning transmission electron mi-
croscopy (STEM) of the suitably polished and thinned sam-
ples was carried out using a JEOL JEM 2500SE electron
microscope operated at 200 kV. Low temperature (10 K) PL
measurements on all samples mounted in a closed cycle He-
lium cryostat were performed using a He-Ne laser tuned at
532 nm at 30 mW power. The luminescence was dispersed
by a 3/4 m grating monochromator and detected by a cooled
Ge diode detector using lock-in techniques.
3 Results
Figure 2 shows the cross-sectional STEM image of an InAs
island from the QD sample grown by MBE at 0.032 ML s−1
and being subjected to 50 s pause. The STEM picture clearly
Fig. 2 Cross-sectional dark-field STEM image of the heterostructure
sample having 2.7 ML InAs coverage and grown at 0.032 ML s−1 after
being subjected to 50 s of in situ annealing pause
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shows that the island is of pyramidal shape which gives an
impression that the self-assembled islands maintain a feasi-
ble geometrical shape even after annealing at high growth
temperature. From the contrast of the STEM image, the co-
herent nature of the island can be concluded.
In Figs. 3 and 4 we present the contact mode AFM image
of the samples having 2.7 ML InAs coverage being grown
at different growth rates and at varied growth pauses, along
with the histograms showing the dot size distribution. From
the figures it is evident that ripening-like behaviour, ob-
served in most of the heteroepitaxial systems [18, 19], oc-
curs at the time of in situ annealing during dot pause at high
growth temperature (520°C). It is reported that in strained
semiconductor systems, the growth pause applied after the
formation of self-assembled QDs favours the adatom trans-
fer towards preferential sites on the growth plane like pre-
viously formed dots [20]. As the grown islands get suffi-
cient time to agglomerate preferentially during the pause,
the dot size distribution shifts to larger values approaching
an equilibrium distribution. This phenomenon causes sig-
nificant changes in the QD density, volume and composition
of the QDs, which in turn tailors the emission wavelength
from the dots and leads to inhomogeneous broadening of the
PL spectrum. In case of the samples grown at a low growth
rate of 0.032 ML s−1 and having 2.7 ML InAs monolayer
coverage, the initial dot density calculated from the AFM
image is 1.91 × 1010 cm−2 which after being subjected to
in situ annealing of 50 s at high growth temperature dur-
ing growth pause reduces to 1.49 × 1010 cm−2. In the same
way for the samples containing 2.7 ML InAs coverage dots
grown at 0.2 ML s−1 of Indium, the initial dot density of
5.37 × 1010 cm−2 after similar in situ annealing during 50 s
dot pause reduces to 3.10 × 1010 cm−2.
Here we will establish a connection between the morpho-
logical properties of the samples from the ex situ AFM mea-
surements and their emission properties from the PL mea-
surements. From the AFM measurements of Figs. 3 and 4
it is observed that the size distributions of the islands in
the as-grown heterostructures, as well as being subjected to
annealing during growth pause, contains a narrow distribu-
tion of sharp peaks which represents coherent QDs, whose
size distribution is controlled by the heteroepitaxial strain
in the InAs wetting layer as well as by the surface diffu-
sion of Indium adatoms. In addition to these peaks there
are some weak side peaks which represent irregular sized
islands. These islands having non-uniform size distribution
are relaxed and incoherent in nature due to the presence of
dislocations, and the distribution of these irregular sized is-
lands is controlled by a surface diffusion of adatoms at ele-
vated temperatures, not by strain [21]. In Figs. 3 and 4, the
histograms show that with the increase in annealing time,
the number of side peaks in the size distributions gradually
reduces giving a narrow size dispersion and the mean dot
size is shifted towards larger values. This phenomenon can
be ascribed to the Indium adatom surface diffusion activated
at high growth temperature (520°C).
The PL spectra of the samples having 2.7 ML InAs cov-
erage and grown at different growth rates with varying dot
pause are depicted in Figs. 5 and 6. Compared to the dots
grown at higher growth rate the PL spectrum of the QD
samples grown at a low growth rate of 0.032 ML s−1 is red-
shifted due to the increased dot size and hence greater quan-
tum confinement for the latter QDs. This is also evident from
the AFM images of Figs. 3 and 4. Now comparing the indi-
vidual PL spectra of Figs. 5 and 6, it can be observed that
along with the duration of dot pause the ground state (GS)
PL emission for the QD samples was shifted to longer wave-
lengths and this can only be attributed to the formation of
large dots with the in situ annealing due to increased sur-
face diffusion mobility of the In adatoms at the high growth
temperature. A small blue shift in the emission, observed in
case of the samples grown at 0.2 ML s−1 and being allowed
to in situ annealing for 50 s, can be attributed to degradation
in dot morphology because of In desorption at high substrate
temperature (>520°C ), from low Indium fraction contain-
ing islands. It has been reported that QDs grown at a higher
growth rate have smaller aspect ratio and have lower Indium
content [22] than the islands grown at comparatively slower
rate. Further, the high integrated PL intensity in case of the
samples which were encapsulated just after the growth pause
gives an essence that the dot density is maximal just after the
growth pause and with the in situ annealing during the pause
agglomeration of the grown islands takes place due to ripen-
ing.
The PL line widths for the samples grown at two differ-
ent growth rates are plotted in Fig. 7. It is observed from the
plot that the percentage change in the PL line width with dot
annealing time is greater for the dots grown at a slow growth
rate than for the dots grown at a faster rate of 0.2 ML s−1.
This suggests that the PL emission from the dots grown at
slow growth rate and hence having higher Indium content, is
considerably affected by the dot pause annealing. Anyway,
the reduction in the incoherent island density with in situ
annealing time as evident from the AFM images, results in
the gradual decrease in the FWHM of the GS emission peak
from the dots plotted in Fig. 7, only up to 25 s of dot pause
annealing, in case of the dots grown at lower growth rate.
But after being allowed to in situ anneal for 50 s the FWHM
of GS PL emission from these dots increases considerably,
although there is a reduction in the size dispersion of the dots
with annealing time. This degradation in the optical proper-
ties of the dots grown at 0.032 ML s−1 after 50 s of growth
pause is due to Indium atom desorption from the surface of
the dots which degrades the homogeneity in the composi-
tion of the self-assembled islands and also results in the re-
duction of effective QD volume [23]. As the QDs grown at
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Fig. 3 AFM (1 × 1 µm) top views of the InAs/GaAs QDs having 2.7 ML InAs coverage grown at 0.032 ML s−1 after a 0 s b 25 s d 50 s of growth
pause at 520°C. The size histograms associated to each image are shown on the right
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Fig. 4 AFM (1 × 1 µm) top views of the InAs/GaAs QDs having 2.7 ML InAs coverage grown at 0.2 ML s−1 after a 0 s b 25 s d 50 s of growth
pause at 520°C. The size histograms associated to each image are shown on the right
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Fig. 5 PL spectra for the InAs QD samples having 2.7 ML InAs cov-
erage grown at 0.032 ML s−1 with 0 s, 12 s, 25 s and 50 s ripening
pause
Fig. 6 PL spectra for the InAs QD samples having 2.7 ML InAs cov-
erage grown at 0.2 ML s−1 with 0 s, 25 s and 50 s ripening pause
higher growth rate have lower indium content compared to
the islands being grown at slower rate, the effect of Indium
desorption from the island surface at higher growth temper-
ature, which takes place in competition with the adatom dif-
fusion during growth pause, is more pronounced in case of
the former QDs. This leads to increase in FWHM of the GS
emission from these dots with the growth pause, subsiding
the effect of the narrowing of the dot size distribution with
in situ annealing. After 50 s of annealing pause the morpho-
logical properties of the dots degrade drastically leading to
a blue shift in the PL spectra, as mentioned earlier. Some
of the above results shown here have already been reported
earlier [17], but for the sake of better comprehensiveness and
clarity, also have been included in this paper.
For an in-depth study of the effect of monolayer cover-
age on the ripening phenomenon, we performed AFM and
Fig. 7 FWHM of the ground state PL emission peak of the QD
samples having 2.7 ML InAs coverage grown at 0.032 ML s−1 and
0.2 ML s−1, plotted as a function of the duration of dot pause
PL studies on the QD samples grown at 0.032 ML s−1 hav-
ing 3.4 ML of InAs coverage and subjected to in situ an-
nealing at the high growth temperature. The AFM images
for the samples in Fig. 8, subjected to dot pause varying
from 25 to 100 s, clearly show that the QD samples con-
tain two differently sized dot families. The high density
smaller dots of height 6 ∼ 8 nm have uniform size distribu-
tion, whereas the large irregular dots are of height 13–15 nm.
In self-assembled growth, for increased monolayer coverage
at slow deposition rate there is little increase in the density
of small regular islands [13]. But there is a considerable in-
crease in the density of large irregular shaped 3D islands
which are plastically relaxed due to the accumulation of
strain related defects. These large islands are the favourable
sites for the attachment of adatoms during in situ anneal-
ing [13]. The adatoms migrate across the growth surface
and clusters at the large islands as a result of the enhance-
ment of the surface diffusion mobility of the adatoms during
annealing at elevated temperature. Thus it is evident from
the AFM images that with the increase in in situ annealing
time of the samples at the 520°C, the smaller QD density
decreases, but the density of the larger dots increases. Fig-
ure 8c of the samples subjected to 100 s growth pause shows
an increase in the QD height fluctuation, where few of the
large islands have ripened to 28 nm height. The optical data
for the samples shown in Fig. 9 follow a trend correlated
with the AFM data. The PL spectra can be explained easily
by taking into account that the smaller islands are elastically
relaxed dislocation-free, whereas the large irregular shaped
islands are plastically relaxed incoherent and hence optically
inactive. Therefore the PL spectra of Fig. 9 actually repre-
sent the smaller QDs. Figure 9 shows that the spectra contain
three peaks unlike those of Figs. 5 and 6, and the third peak
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Fig. 8 AFM (1 × 1 µm) top views of the InAs/GaAs QDs having 3.4 ML InAs coverage grown at 0.2 ML s−1 after a 25 s b 50 s d 100 s of growth
pause at 520°C. The line profiles of the islands presented in the respective QD samples are given below
Fig. 9 PL spectra for the InAs QD samples having 3.4 ML InAs cov-
erage grown at 0.032 ML s−1 with 25 s, 50 s and 100 s ripening pause
is due to the second excited state of large-sized QDs grown
at greater InAs monolayer coverage [24].
Now it is important to note that with the increase in in
situ annealing just after the island deposition is stopped, the
peak representing the GS transition in the PL spectrum of
the QD samples in Fig. 9 and consequently the other peaks,
are blue-shifted. For 25 s annealing during the dot pause the
GS peak in the spectrum is at 1.07 eV, whereas the same is
at 1.11 eV for 100 s pause. This blue shift in the PL emis-
sion spectra can only be related to the Indium desorption
from the island surface due to increased annealing time at
high growth temperature during dot pause, resulting in the
inhomogeneity in QD composition and height distribution.
Further, the dot density also decreases with dot pause, as
depicted in Fig. 10. The FWHM broadening of the GS tran-
sition for the QD samples having 3.4 ML of InAs coverage
and grown at the reduced growth rate (0.032 ML s−1) with
dot pause described in Fig. 10, is again attributed to inhomo-
geneous dot size and height distribution, as well as reduction
in homogeneity of the island composition during in situ an-
nealing. The observation of the monotonic decrease in inte-
grated PL intensity with dot pause in the PL spectra of Fig. 9
suggests that due to Indium desorption during growth pause,
plastic relaxation through the generation of planer defects
occurs in the dots. Also the decrease in the dot density due
to agglomeration of islands during growth pause might have
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Fig. 10 FWHM of the ground state PL emission peak and dot den-
sity for the QD samples having 3.4 ML InAs coverage and grown at
0.032 ML s−1, plotted as a function of the duration of dot pause
some contribution to this PL-integrated intensity reduction
with the annealing pause.
4 Conclusion
In summary, we have studied the effect of annealing at high
growth temperature on the morphological and optical prop-
erties of the self-assembled InAs/GaAs QDs during growth
pause. We show that agglomeration of the self-assembled is-
lands occurs during annealing and the dots grow in size ap-
proaching an equilibrium size distribution. Our results also
suggest that the Indium desorption from the surface of the
grown QDs during dot pause annealing affects the PL prop-
erties of the QDs despite that there is a narrowing of the
dot size distribution with growth pause. For the QD sam-
ples having high monolayer coverage (3.4 ML) and grown
at a slower growth rate (0.032 ML s−1) two differently sized
QD families are observed. The smaller dots are defect-free
and participate in PL emission, whereas the larger dots are
optically inactive due to the accumulation of dislocations.
The PL emission from these dots is also affected by Indium
desorption from the island surface during the in situ anneal-
ing and inhomogeneous dot size and height distribution as
a result of agglomeration of dots during the growth pause.
So it is preferable to have QDs grown with a lower InAs
monolayer coverage, to harness the advantages of higher in-
tegrated PL intensity as well as to escape the problems aris-
ing from bimodal QD size distribution.
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